Caliciviruses, grouped into four genera, are important human and veterinary pathogens with a potential for zoonosis. In these viruses, capsid-related functions such as assembly, antigenicity, and receptor interactions are predominantly encoded in a single protein that forms an icosahedral capsid. Understanding of the immunologic functions and pathogenesis of human caliciviruses in the Norovirus and Sapovirus genera is hampered by the lack of a cell culture system or animal models. Much of our understanding of these viruses, including the structure, has depended on recombinant capsids. Here we report the atomic structure of a native calicivirus from the Vesivirus genus that exhibits a broad host range possibly including humans and map immunological function onto a calicivirus structure. The vesivirus structure, despite a similar architectural design as seen in the recombinant norovirus capsid, exhibits novel features and indicates how the unique modular organization of the capsid protein with interdomain flexibility, similar to an antibody structure with a hinge and an elbow, integrates capsid-related functions and facilitates strain diversity in caliciviruses. The internally located N-terminal arm participates in a novel network of interactions through domain swapping to assist the assembly of the shell domain into an icosahedral scaffold, from which the protruding domain emanates. Neutralization epitopes localize to three hypervariable loops in the distal portion of the protruding domain surrounding a region that exhibits host-specific conservation. These observations suggest a mechanism for antigenic diversity and host specificity in caliciviruses and provide a structural framework for vaccine development.
C
aliciviridae is a family of positive sense single-stranded RNA viruses comprised of both human and animal pathogens. These viruses are phylogenetically divided into four genera: Norovirus, Sapovirus, Lagovirus, and Vesivirus (1) . Viruses in the first two genera, Norovirus and Sapovirus, are mostly human pathogens and are the major causative agents of acute, epidemic, nonbacterial gastroenteritis (2, 3) . Recent studies have indicated the inclusion of bovine and porcine viruses in these genera and suggested the potential existence of animal reservoirs and the possibility of interspecies transmission (4 -8) . Viruses in the other two genera, Lagovirus and Vesivirus, are animal pathogens of veterinary importance (9) . These viruses, particularly vesiviruses, infect a number of animal species and cause host-specific diseases such as gastroenteritis, vesicular lesions, reproductive failure, and hemorrhagic disease. It is suggested that some vesiviruses from oceanic reservoirs have emerged as terrestrial animal pathogens (10) . One of the serotypes of San Miguel sea lion virus (SMSV), belonging to the Vesivirus genus, has a list of several natural hosts, including five genera of seals, cattle, three genera of whales, donkeys, foxes, and humans (10, 11) . A zoonotic potential of SMSV and feline calicivirus (FCV), a member of the Vesivirus genus and a major causative agent of upper respiratory and hemorrhagic diseases in cats (12) , is suggested by reports of human antibody against these viruses (10, 11, 13) . Our aim in this study was to provide a structural characterization of a prototype vesivirus and examine the extent of structural complementarity between animal and human caliciviruses.
Human caliciviruses (Norovirus and Sapovirus) are refractory to in vitro cultivation in cells, and understanding of their immunologic functions and pathogenesis is hampered by a lack of suitable animal models. Much of our understanding of these viruses in terms of their molecular biology, structure, and immunology has been made possible by the use of recombinant virus-like particles (14) (15) (16) . In contrast, vesiviruses are readily cultivatable in vitro, and there is a significant amount of immunological data for some of these pathogens, including the locations of neutralization epitopes (17) (18) (19) (20) (21) . Mapping of these sites onto the capsid structure would be useful in providing a structural basis of antigenic functions not only in these viruses but possibly in human caliciviruses. However, there is no highresolution structure of any vesivirus to date. The only x-ray crystallographic structure available of a calicivirus is that of the recombinant capsid of Norwalk virus (rNV), a human pathogen in the Norovirus genus (16). Here we report the x-ray structure of SMSV, a prototype member of the Vesivirus genus, which exhibits the broadest host range among caliciviruses.
In all caliciviruses, the genomic RNA (Ϸ8 kb) encodes a major capsid protein, VP1 (55-70 kDa); a putative minor structural protein, VP2; and a large polyprotein, which is posttranslationally processed into nonstructural proteins that are essential for virus replication (22) (23) (24) . The major capsid protein VP1 is responsible for most of the capsid-related functions such as assembly, host interactions, and immunogenicity. The role of VP2, whose presence in the virion has been demonstrated so far only in rabbit hemorrhagic disease virus, Norwalk virus (NV), and FCV, is unclear. A distinguishing feature of the vesivirus genome, in contrast to that in other caliciviruses, is that it encodes a capsid protein precursor (73-78 kDa) that is proteolytically processed by the viral protease to yield a mature capsid protein of Ϸ60 kDa (25), which is significantly larger in size than the capsid protein (Ϸ55 kDa) of human caliciviruses. Cryo-EM structural studies on various caliciviruses have shown that their capsids exhibit a Tϭ3 icosahedral symmetry consisting of 90 dimers of the major capsid protein (26) (27) (28) . Despite capsid architecture and domain organization similar to those in the rNV (16) , the x-ray crystallographic structure of SMSV shows significant and distinct variations, some of which may be important for host specificity and antigenic diversity.
Results

T‫3؍‬ Icosahedral Structure of SMSV.
The crystal structure of SMSV (serotype 4) was determined to 3.2-Å resolution by molecular replacement techniques by using a 19-Å cryo-EM map of SMSV (28) as an initial phasing model (Fig. 1) . As in other Tϭ3 viruses, the icosahedral asymmetrical unit in the SMSV capsid structure (Fig. 1B) consists of three quasiequivalent subunits, designated as A, B, and C following the standard nomenclature (29) . The A and B subunits form dimers (A͞B) across the local twofold axes that surround a large hollow at the fivefold axes of the Tϭ3 icosahedral lattice. At the icosahedral twofold axes, two C subunits interact with each other to form C͞C dimers. The A͞B and C͞C dimers alternate around the hollows at the icosahedral threefold axis. In subunits A, B, and C the electron density is visible for residues 160-703 (following the residue numbering of the precursor capsid protein), 163-703, and 160-703, respectively. The cleavage site in the precursor capsid protein has not been experimentally identified for SMSV. Based on the identified cleavage sites in feline (30) and canine (31) calicivirus capsid protein precursors and sequence alignments, Glu-152-Ser-153 is likely the cleavage site in SMSV. If Ser-153 is the first residue in the capsid protein, then seven, ten, and seven N-terminal residues are disordered in the A, B, and C subunits, respectively, in addition to seven residues at the C terminus in all of the subunits. The RNA genome and the putative minor structural protein (VP2) are not visible in the electron density map. The structure of each subunit (Fig. 1C) comprises an N-terminal arm (NTA), a shell domain (S domain), and a protruding domain (P domain), similar to that seen in rNV (16) .
Unique NTA Interactions. In many Tϭ3 virus capsids, the NTA is suggested to provide a switch to distinguish bent A͞B and flat C͞C dimers during Tϭ3 icosahedral assembly (29, 32) . The structure of SMSV exhibits a novel and distinct variation from any of these viruses. The NTAs of all of the three subunits in the icosahedral asymmetric unit of SMSV are equally ordered and provide a network of interactions essentially maintaining the Tϭ3 icosahedral symmetry at this level ( Fig. 2A) . The NTAs of A, B, and C subunits traverse beneath the S domains of their opposing dimeric partners forming extensive domain-swapping interactions with the S domains (Fig. 2B ). The NTAs of the A and C subunits terminate close to the icosahedral threefold axis, whereas the NTA of the B subunit terminates close to the fivefold axis and interacts cyclically with the other (fivefoldrelated) B subunit NTAs through hydrogen bonding to form a distinct ring-like structure.
Although the structures of the NTA of all of the three subunits are similar from residue 178 to residue 212 with a well defined ␣-helix, the polypeptide chain from residue 162 to residue 178 in the B subunit deviates significantly compared with that in the A and C subunits. This deviation, brought about by the residue Pro-178 (Fig. 1C, arrowhead) , which changes conformation from the ␣-region (psi ϭ Ϫ47°) seen in the A and C subunits to the ␤ region (psi ϭ 150°) seen in the B subunit, facilitates the formation of the ring-like structure around the fivefold axes. Another rather unusual interaction is at the local threefold axis, where the ␣-helices of the NTAs from the neighboring twofoldrelated asymmetric units interact closely through hydrophobic interactions (Fig. 2B ).
The S Domain Provides an Icosahedral Scaffold. The S domain, formed by residues 201-361, folds into a canonical eightstranded ␤-barrel, a structural feature commonly seen in many other viral capsid proteins (29, 32) . These eight strands (denoted as B-I) form two four-stranded antiparallel sheets, BIDG and CHEF, with two ␣-helices between the strands C and D and strands E and F, respectively (Fig. 1C) . In each subunit, the G strand of the BIDG sheet interacts with the N-terminal loop of the NTA from the opposing subunit related by the dimeric twofold axis. The icosahedral shell is stabilized exclusively by the intersubunit interactions between the trapezoidal-shaped 180 S domains and their NTAs as described above. Like in other Tϭ3 icosahedral shells, the S domains in the A͞B and C͞C dimers exhibit bent and flat conformations, respectively. The formation of the closed icosahedral shell forces small changes seen in the relative orientations of the P domains with respect to the S domains in the A, B, and C subunits. These changes are facilitated by a flexible hinge that joins the S and P domains (Fig.  1C, solid arrow) . In the B subunit, the P-S orientation brings the C-terminal residues of the P domain closer to the upper portion of the S domain to facilitate interdomain hydrogen bond interactions that may further stabilize the bent conformation of the A͞B dimer. In the C͞C dimers such P-S interactions are absent.
The P Domain. The P domain, comprising residues 362-703, can be divided into two distinct subdomains, P1 and P2, as in the rNV subunit structure (16) . The P domains participate solely in the dimeric interactions across the local (A͞B dimer) and strict (C͞C dimer) twofold axes. The P1 subdomain, formed by two noncontiguous segments of the polypeptide (residues 362-413 and 590-703), exhibits a fold similar to that seen in rNV. This fold, composed of a twisted ␤-sheet formed by the four strands in the C-terminal portion of P1 and a lone ␣-helix, is not seen in other proteins and appears to be a characteristic feature of caliciviruses. However, in SMSV the ␤-sheet is less twisted and the ␣-helix is oriented slightly differently when compared with rNV ( Fig. 3) . In addition, compared with rNV, the orientation of the P1 subdomain with respect to the S domain in SMSV is significantly altered. This change in S-P1 orientation together with a compensatory change in P1-P2 orientation causes only the distal P2 subdomain to participate in the dimeric interactions in contrast to that seen in rNV, where both P1 and P2 subdomains are involved in dimeric interactions ( Fig. 3 A and B) . A conserved glycine located at the junction of P1 and P2 appears to be involved in facilitating this compensatory change in the P1-P2 orientation (Fig. 1C, dashed arrow) . Thus, in addition to the flexibility between the S and P1 domains, the structure of SMSV indicates an additional point of flexibility between the P1 and P2 subdomains.
The P2 Subdomain Is a Large Insertion in the P1. The P2 subdomain is formed by residues 414-589, which are between the two polypeptide segments that form the P1 subdomain (Fig. 4) . Thus, the P2 subdomain can be considered as a large insertion in the P1 subdomain. The P2 subdomain contains a compact barrel of six ␤-strands connected by loops of various lengths. Despite a low sequence similarity, strikingly, these six strands, labeled AЈ-FЈ, are spatially arranged in a similar manner as in the rNV capsid protein (Fig. 4 A and B) . However, the P2 subdomain of SMSV contains Ϸ50 more residues than that in rNV. The ''inserted'' residues are mainly distributed in the loops connecting these ␤-strands. The loop linking strands BЈ and CЈ alone contains Ϸ30 more residues than its counterpart region in rNV. The loop connecting the strands CЈ and DЈ in SMSV also has a significant insertion of Ϸ10 residues. The conservation of the polypeptide fold in the P2 subdomain across two genera despite weak sequence homology strongly suggests that this fold is conserved in all caliciviruses.
Neutralization Antigenic Sites Maps to P2 Subdomain. Several studies have indicated that the hypervariable P2 subdomain plays an important role in antigenicity and receptor interactions in both human and animal caliciviruses (17) (18) (19) (20) (21) (33) (34) (35) . Antigenic properties and mechanism of pathogenesis in human caliciviruses are difficult to characterize because of the lack of a cultivation system. In contrast, for some vesiviruses, such as FCV and canine calicivirus, neutralization-resistant mutants are isolated and characterized (18, 36) . Sequence comparison and secondary structure predictions for the capsid proteins of these two viruses indicate that they most likely exhibit structures similar to SMSV, and this structure could provide a structural framework for understanding the antigenicity in these viruses. Several studies using recombinant peptides and domain swaps have shown that the neutralization epitopes in FCV reside in a hypervariable region (HVR) of the sequence encompassing residues 408-529 (FCV numbering according to F9) (17, 19, 21 ) (see Fig. 6 , which is published as supporting information on the PNAS web site). This region maps exclusively to the P2 subdomain in the SMSV structure. Subsequent studies mapped these sites to two smaller regions of hypervariability, NT HVR (426-460) and CT HVR (489-523), and a relatively conserved region between residues 460 and 489. The NT HVR epitope, which is the major immunogenic domain containing at least two linear B cell epitopes (20) , maps to a highly exposed long loop connecting BЈ and CЈ strands (Fig. 4A ). This loop is noticeably shorter in the rNV structure. The CT HVR maps to two other loops between DЈ and EЈ and between EЈ and FЈ (Fig. 4A) , consistent with the observation that epitopes in this region are conformational. Both of these regions are exposed and easily accessible from the outside (Fig. 4C Upper) . Thus, the loops of the conserved ␤-barrel fold in the P2 subdomain represent the immunodominant regions in caliciviruses and facilitate antigenic diversity.
The conserved region flanked by the NT and CT HVRs maps to the dimeric interface and thus may be essential for maintaining the structural integrity in this region (Fig. 4C Upper) . One of the linear B cell epitopes in FCV maps to this region (20) . One FCV monoclonal antibody (1D7), which neutralizes all FCV strains tested, is suggested to bind to this region (21) . The sequence conservation seen in this region is not across all caliciviruses but is host-dependent. That is, this region is highly conserved within FCV and SMSV strains, respectively, but not between them. This region is also relatively well conserved within noroviruses. Sequence alignment of FCV, canine calicivirus, and SMSV indicate that FCV and canine calicivirus have a deletion that corresponds to a surface loop in this region (Fig.  4C Lower) . In noroviruses, the residues that are suggested to be involved in the binding of carbohydrates, putative norovirus receptors, using evolutionary trace analysis and mutational studies localize in this region (33) (34) (35) . A distinct possibility is that this region, which shows species-dependent conservation, may be involved in host-specific receptor interactions.
Discussion
In caliciviruses, the capsid-related functions such as assembly, antigenicity, and host specificity are predominantly encoded in one single gene product. The present structure of SMSV, in the Vesivirus genus, and that of rNV (16) , in the Norovirus genus, demonstrate how these functions are integrated into one capsid protein through a unique modular domain organization. Based on these representative x-ray structures from two calicivirus genera, cryo-EM structures of various caliciviruses (26) (27) (28) , and sequence comparisons (although it is very likely that all caliciviruses exhibit similar Tϭ3 capsid architecture and subunit domain organization), significant variations within the subunit should be expected as demonstrated by the SMSV structure.
One variation seen in the SMSV structure, which is distinct not only from the NV capsid but also from other Tϭ3 (or Pϭ3) capsids, is in the intersubunit interactions involving the NTAs. In these capsids, the NTA is implicated in providing a switch to facilitate bent and flat conformations of the subunit dimers during Tϭ3 capsid assembly (32) , which is likely the case in SMSV also. In contrast to what is observed in the case of SMSV in which the NTAs of A, B, and C are equally ordered, in many of the structurally characterized Tϭ3 capsids, such as sobomaviruses (37), tombus viruses (38, 39) , nodaviruses (40) , and NV (16) , at the level of the NTA, the Tϭ3 icosahedral symmetry is reduced to Tϭ1 with only one of the three NTAs being ordered. In plant tombus and sobamoviruses, the NTA of the C subunit is ordered, whereas the equivalent regions in the A and B subunits are disordered, providing a switch to allow bent and flat conformations of the A͞B and C͞C dimers, respectively (37) (38) (39) . In rNV, the ordered NTA of the B subunit, which interacts with the base of the S domain of the neighboring C subunit, is suggested to provide such a switch (16) . In nodaviruses, an ordered arm of the C subunit and a piece of genomic RNA are implicated in keeping the flat conformation of the C͞C dimers (40) . In the case of SMSV, instead of such an order-to-disorder transition, a distinct conformational change involving a Pro residue in the B subunit leading to a formation of a ring-like structure around the fivefold axis appears to provide a switch. Whether these unique NTA interactions in SMSV are influenced by the genome or the proteolytic processing of the capsid protein remains a question.
In addition to its role in providing a switch during assembly, the elaborate network of NTA interactions suggests an extensive role in directing the assembly pathway. The assembly pathway, likely initiated from a dimer, stabilized by the intradimeric domain-swapping interactions involving NTAs and other interactions involving S and P2 domains, proceeds through the formation of trimers of dimers, stabilized by the interactions between the NTA ␣-helices at the local threefold axes. These trimers of dimers are then brought together into an icosahedral structure through the formation of the ring-like structure at the icosahedral fivefold axes involving the NTAs of the B subunits. In this process, the change in the conformation of the B subunit NTA resulting in the ring-like structure may function like a switch to induce͞stabilize the bent conformation in the A͞B dimer necessary for forming the appropriate curvature.
Although the polypeptide fold of the S domain in SMSV and the icosahedral shell formed by the close association of S domains is very similar to other Tϭ3 (Pϭ3) icosahedral capsids, the fold of the P domain is quite unique and thus far seen only in the NV structure. In plant tombus viruses (16, 38, 39) , which also have well defined P domains, their structures are quite different from that seen in SMSV or NV. The main difference between the P domains of NV and SMSV, both having two subdomains, P1 and P2, is in the relative orientation of the P domain with respect to the S domain. The flexible hinge between the S and P domain in SMSV, at the interface of S and P1, is similar to that observed in the plant tombus virus (38, 39) and the rNV capsid structure (16) . This hinge, which facilitates the interactions between the P1 subdomain and the upper portion of the S domain, may be important for ''holding'' the A͞B and C͞C dimers in appropriate conformations, because this interaction is seen only in the A͞B dimers and not in the C͞C dimers. What was not immediately apparent from the NV structure was the additional flexibility possible between the P1 and P2 subdomains, which is quite evident in the present SMSV structure. The multiple points of flexibility could be an important factor in enhancing calicivirus diversity through structural variations within the context of a similar domain organization, somewhat akin to the interdomain flexibility seen in the antibody structures with a hinge and an elbow.
In the SMSV structure, in contrast to NV, the orientational changes between the S domain and the P1 subdomain excludes P1 to participate in the dimeric interactions. However, the additional flexibility between P1 and P2 brings the opposing P2 subdomains in the dimers to interact closely. Close interaction between the dimer-related P2 subdomains is consistently observed in all of the other caliciviruses thus far characterized by cryo-EM (26) (27) (28) . It is quite plausible that the dimeric association of the P2 subdomain is a functional requirement, in that the initial receptor for calicivirus may be a dimer.
Comparison of the calicivirus sequences clearly indicates that the region that forms the P2 subdomain exhibits the most variability. Several earlier studies have implicated this region of the calicivirus sequence in antigenicity and possible receptor interactions (33) (34) (35) 41) . Despite significant variation in the sequences, the basic polypeptide fold, with antiparallel ␤-strands, is conserved between SMSV and rNV. The main differences are in the loops that connect these strands. These loops can evidently tolerate significant sequence alterations without interfering with the basic polypeptide fold of this subdomain. Mapping of the neutralization epitopes to these loops in the distal P2 subdomain that can incorporate significant sequence and structural variations provides a mechanism by which antigenic diversity is achieved in caliciviruses. Although further studies are needed in regard to receptor identification for caliciviruses, the conserved region surrounded by these loops is a possible site for host-specific interactions, and its ability to tolerate sequence variations could be responsible for host diversity and suggested zoonotic potential.
In conclusion, we present here the x-ray structure of a native calicivirus from Vesivirus genus in the Caliciviridae family that exhibits a broad host range possibly including humans. Despite similar architectural design that is likely to be duplicated in all caliciviruses, our structural studies demonstrate how the modular organization of the capsid protein could be conducive to a wide diversity and host specificity associated with this family of viruses. The availability of the immunological data for some of the vesiviruses, which are not presently available for human caliciviruses, has allowed us to map epitopes onto a calicivirus structure. Structural mapping of the neutralization epitopes is likely applicable to human caliciviruses and may be useful for vaccine development and further mutational studies to gain insight into antigenicity and receptor interactions.
Materials and Methods
The crystal structure of SMSV was determined to 3.2-Å resolution by molecular replacement using a 19-Å cryo-EM map of SMSV (42) as an initial phasing model. Virus purification, crystallization, data collection, and the initial data processing, self-rotation function analysis were as described previously (42) . A brief summary of crystal data and diffraction statistics is provided in Table 1 , which is published as supporting information on the PNAS web site. The phase refinement and extension were carried out by using real space averaging taking advantage of the fivefold noncrystallographic symmetry (43) . The phase extension from 19 Å was carried out gradually in steps of one reciprocal lattice point by iterative cycles of molecular averaging with noncrystallographic fivefold symmetry, solvent flattening, and back transformation by using RAVE (44) and CCP4 (45) . The model building and refinement was carried out iteratively by using the O (46) and CNS (47) suites of programs, respectively. The final R factor was 0.24, with an R free of 0.26, for all of the observed reflections to 3.2-Å resolution. The stereochemistry of the final model was assessed by using PROCHECK (48) , which indicated that 80% of the nonglycine residues were in the most favored region and none of the residues were in a disallowed region of the Ramachandran map. Other stereochemical characteristics of the three subunits were comparable with those of other structures determined to 3.0-Å resolution. The figures were made by using PYMOL (http:͞͞pymol.sourceforge.net) or RIBBONS (49) .
